Abstract Observations show that the Equatorial Atlantic Zonal Mode (ZM) obeys similar physics to the El Niño Southern Oscillation (ENSO): positive Bjerknes and delayed negative feedbacks. This implies the ZM may be predictable on seasonal timescales, but models demonstrate little prediction skill in this region. In this study using different configurations of the Kiel Climate Model (KCM) exhibiting different levels of systematic error, we show that a reasonable simulation of the ZM depends on realistic representation of the mean state, i.e., surface easterlies along the equator, upward sloping thermocline to the east, with an equatorial SST cold tongue in the east. We further attribute the differences in interannual variability among the simulations to the individual components of the positive Bjerknes and delayed negative feedbacks. Differences in the seasonality of the variability are similarly related to the impact of seasonal biases on the Bjerknes feedback. Our results suggest that model physics must be enhanced to enable skillful seasonal predictions in the Tropical Atlantic Sector, although some improvement with regard to the simulation of Equatorial Atlantic interannual variability may be achieved by momentum flux correction. This pertains especially to the seasonal phase locking of interannual SST variability.
Introduction
The zonal mode (ZM) or Atlantic Niño dominates interannual variability in the Equatorial Atlantic [Xie and Carton, 2004; Zebiak, 1993] . ZM events primarily peak in boreal summer, but similar variability is also found in November-December [Okumura and Xie, 2006] . Associated sea surface temperature (SST) anomalies can exceed 1 C in the eastern Equatorial Atlantic (20 W and 0 W, 3 S and 3 N) . Equatorial Atlantic variability has major socioeconomic impacts, exerting a significant influence on surrounding countries [Folland et al., 1986; Carton and Huang, 1994; Nobre and Srukla, 1996; Chang et al., 2006] . Recently, the ZM was also shown to even influence the El Niño Southern Oscillation (ENSO) in the Tropical Pacific [Jansen et al., 2009; Losada et al., 2009; Wang, 2006; Wang et al., 2009; Rodr ıguez-Fonseca et al., 2009; Ding et al., 2011] and has the potential to improve ENSO prediction skill [Frauen and Dommenget, 2012; Keenlyside et al., 2013] .
Numerous studies [e.g., Zebiak, 1993; have shown that the zonal mode resembles ENSO in the Tropical Pacific, suggesting that it may arise from similar coupled ocean-atmosphere interaction. The Bjerknes positive feedback, involving equatorial zonal winds, SST, and upper ocean heat content is prominent in the structure of peak phase anomalies in observations and reanalysis [e.g., Ruiz-Barradas et al., 2000; Ding et al., 2010] . However, each of its three elements explains less variance than in the Pacific . Furthermore, several studies [Zebiak, 1993; Wang and Chang, 2008; Jansen et al., 2009; Ding et al., 2010] have shown that a delayed negative feedback involving a recharge of the upper ocean heat content plays an important role in the Equatorial Atlantic variability. Other mechanisms for SST variability may also exist in the Equatorial Atlantic [Narv aez et al., 2003; Richter et al., 2012] , but here we concentrate on the ZM.
The simulation of Equatorial Atlantic variability deserves more attention [Muñoz et al., 2012; Liu et al., 2013; Richter et al., 2014a] given that almost all state-of-the-art coupled general circulation models (CGCM) exhibit a large warm bias in the climatological eastern Tropical Atlantic SST [e.g., Richter and Xie, 2008; Wahl et al., 2009; Richter et al., 2014a; Wang et al., 2014] . Muñoz et al. [2012] analyze Tropical Atlantic variability from simulations of the fourth version of the Community Climate System Model (CCSM4). Their results show that the CCSM4 captures Atlantic Niño in terms of the leading rotated empirical orthogonal function (EOF) of Tropical Atlantic SST anomalies even though there are significant SST bias. Furthermore, both Liu et al. [2013] and Richter et al. [2014a] investigate the simulations of Atlantic Niño in terms of the models participating in the Coupled Model Intercomparison Project Phase 5 (CMIP5).
Theoretical and observational studies indicate that the mean state has a strong control on interannual variability in the Tropical Pacific [e.g., Battisti and Hirst, 1989; Fedorov and Philander, 2001; L€ ubbecke and McPhaden, 2013] . However, it is still not clear what is the influence of the warm bias on the interannual variability in the Equatorial Atlantic given that some coupled model can capture Atlantic Niño while others cannot, as reported in recent studies [Muñoz et al., 2012; Liu et al., 2013; Richter et al., 2014a] . Can simulation of interannual variability be improved in a CGCM if the bias is reduced?
In particular, what is the influences of the warm bias on the mechanism of Atlantic Niño? There are practical interests to address these questions. For instance, Stockdale et al. [2006] investigated the prediction skill of Equatorial Atlantic variability in six CGCMs (from the EU-DEMETER project) and found that none of them show skill. The warm bias may be partly responsible for low decadal forecast skill in the Tropical Atlantic [Smith et al., 2007; Hazeleger et al., 2012; Guemas et al., 2013] .
Here we address the questions presented above by investigating a set of experiments conducted with a CGCM with perturbed parameters and momentum flux correction. In section 2, we briefly describe the data, model, experiments, and mean states. In section 3 and 4, we present the results and a summary and discussion of the main results, respectively.
Data, Model, Experiments, and Mean States
Sea surface temperature data are taken from the Hadley Center Sea Ice and Sea Surface Temperature data set version 1.1 (HadISST 1.1), which is an EOF-based reconstruction of observations extending from 1870 to present [Rayner et al., 2003] , and are provided by the British Atmospheric Data Center (http://badc.nerc.ac. uk/home/). Surface zonal winds and wind stress data sets are taken from the ERA Interim reanalysis [Dee et al., 2011] . The REOF method is employed to calculate the ZM, as motivated by Muñoz et al. [2012] and Liu et al. [2013] .
Besides observations and reanalysis mentioned above, a fully coupled atmosphere-ocean-sea ice model, the Kiel Climate Model (KCM; Park et al. [2009] ) is employed in this study. It consists of an atmospheric general circulation model (ECHAM5, Roeckner et al. [2003] ) coupled to an ocean/sea-ice general circulation model, NEMO (version 2.0; Madec [2008] ) using the OASIS3 coupling software [Valcke et al., 2006] . In the current configuration, the atmospheric component uses T31 (3:75 33:75 ) horizontal resolution with 19 vertical levels up to 10 hPa. The ocean model resolution is based on a 2 Mercator mesh with an equatorial latitudinal refinement to 0:5 within 10 of the equator (ORCA2 grid). In the vertical, there are 31 levels (z coordinate) with 17 levels in the upper 200 m. The turbulent eddy kinetic energy (TKE) is calculated based on a turbulent closure scheme without taking surface wave breaking effect into account. The scheme was first developed for atmosphere [Bougeault and Lacarrere, 1989] and then adjusted for use in the ocean [Gaspar et al., 1990] . The scheme was first introduced by Blanke and Delecluse [1993] to NEMO, and then further modified by Madec and Levy [1998] . In the Tropical Pacific, the KCM reasonably well simulates the observed mean state, seasonal cycle, and interannual variability . The KCM has been used to study long-term internal variability [Park and Latif, 2008] and forced variability Park and Latif, 2011] and errors in the Tropical Atlantic climatological state [Wahl et al., 2009] and to perform partially coupled model experiments [Ding et al., 2013 [Ding et al., , 2014a [Ding et al., , 2014b . More detailed information about the models standard configuration can be found in Park et al. [2009] .
Three experiments are analyzed: (1) a reference run using the models standard configuration (REF) with Tropical Atlantic bias similar to most state-of-the-art CGCMs; (2) a run that employs modifications in the physical parameterization of the atmospheric model that mainly influence the turbulent transfer of heat and moisture at the ocean surface, leading to an improved simulation of the Atlantic mean state (MOD; described below); and (3) a momentum flux corrected version of the KCM using its standard configuration (Mflux; described below) that exhibits climatological SST and thermocline depth variations similar to observations. MOD and REF (Mflux) achieved) near perfect simulation of the climatology on interannual variability while MOD provides an indication of the impact of more modest reductions in mean state error. Figure 1 shows the long-term annual mean rainfall in the Tropical Atlantic from observation and the different experiments. The reference run simulates a wetter climate than observed in the east, and drier one in the west. Associated with the bias in rainfall, the zonal wind stress in REF displays much weaker easterly stress in the western to central Equatorial Atlantic compared to the ERA Interim reanalysis, and in the east, unrealistic westerly stress (the westerly bias) is simulated ( Figure 2b ). The westerly bias even exists in atmospheric GCMs (AGCM) with observed SST prescribed and has been attributed to erroneously weak diabatic heating in the western Equatorial Atlantic [Richter and Xie, 2008] and insufficient zonal momentum flux across the top of the boundary layer [Zermeño-Diaz and Zhang, 2013; Richter et al., 2014b] . Correspondingly, REF shows much too warm SST in the eastern Equatorial Atlantic (Figure 2a ) and the east-west SST gradient is reversed compared to observations. This bias is common to basically all state-of-the-art CGCMs [e.g., Richter and Xie, 2008; Richter et al., 2014a; Wang et al., 2014] . The thermocline in REF is too flat (Figure 3b ) compared to the observed shoaling of the thermocline toward the east; this is consistent with the westerly wind bias (Figure 3a) . The 20 C isotherm (Z20) is situated in the middle of the highly stratified upper thermocline; for this reason this isotherm is used to measure the thermocline depth in this study, as in many other studies [e.g., Richter and Xie, 2008; Wahl et al., 2009] .
In MOD, the computation of turbulent fluxes differs from REF as follows. In ECHAM5, the turbulent flux of a variable X is calculated according to the bulk transfer relation 2C X jV L jðX L 2X S Þ [Roeckner et al., 2003] . Here, X represents heat (h) or moisture (q), and C X is the transfer coefficient. The subscript L and S denote the lowest level in the atmospheric model and the surface level in the ocean model, respectively, and jV L j is surface wind speed. The transfer coefficient for heat and moisture can be expressed as C h 5C N f h and C q 5C N f q , respectively. Here, C N is the neutral transfer coefficient and f h (f q ) is the stability function representing the ratio of C h (C q ) to the value under neutral condition. The functions f h and f q depend on surface roughness (for instance land, ice, and sea) and atmospheric stability. For unstable conditions above sea surface, the stability function is given as f 5ð11C The modifications in the turbulent transfer of heat and moisture at the ocean surface in MOD increase and reduce rainfall in the west and east, respectively, and thus lead to a better simulation of annual mean precipitation ( Figure 1c ). There are also striking differences in the mean zonal wind stress (Figure 2b (Figure 3c ), amplifying the east-west tilt in the thermocline (Figures 2c and 3c ).
Previous studies [Richter and Xie, 2008; Wahl et al., 2009] have shown that errors in the seasonal cycle of surface winds in the Equatorial Atlantic are the major source of error in SST there. Therefore, the third experiment (Mflux) employs flux correction in both zonal and meridional wind stress in the Tropical Atlantic between 10 S and 10 N. In this experiment, the climatological mean seasonal cycle of wind stress from the reference run (REF) is subtracted from the wind stress to obtain anomalous wind stress, which is transferred from atmospheric model to oceanic model. And then, the anomalous wind stress is added to NCEP/NCAR [Kalnay et al., 1996] monthly climatological wind stress and used to drive the ocean model. The flux correction in wind stress, by definition, strongly reduces the error in the mean seasonal cycle of the Equatorial Atlantic wind stress field, but still allows for coupled feedbacks and thus interannual variability. As a result, the SST warm bias is substantially reduced, so that the mean SST is very close to that observed ( Figure 2a) . As a result, the precipitation pattern is also closer to observed with one pronounced rain band over the Atlantic to the North of the equator (Figure 1d ). The mean thermocline depth in Mflux is considerably Figure 2 . Climatological mean state of (a) sea surface temperature, (b) zonal wind stress, and (c) thermocline depth calculated from observations and model experiments. In Figure 2a , observed reconstructed SST [Rayner et al., 2003 ] is shown. In Figure 2b , zonal wind stress from ERA Interim [Dee et al., 2011] and NCEP reanalysis [Kalnay et al., 1996] are shown. In Figure 2c deeper than observed ( Figure 2c ) and the thermocline is too diffuse as in all the model configurations (Figure 3 ). Note the momentum flux correction has a fixed seasonal cycle and does not depend on the model state. The improvement seen in Mflux is attributed to indirect effect of the momentum flux correction, which reduces the warm bias.
Apart from the errors in wind stress, there are other sources for the Tropical Atlantic SST bias. In particular, in the southeast, Tropical Atlantic SST bias has been attributed to excessive shortwave radiation at the surface Hu et al., 2008] , underestimation of coastal upwelling [Large and Danabasoglu, 2006] , and low entrainment efficiency into the mixed layer [Hazeleger and Haarsma, 2005] . The formation of spurious barrier layers is shown to prevent surface cooling through strong salinity stratification and a subsurface temperature maximum, and may be responsible for a significant part of the eastern and southeastern Tropical Atlantic SST warm bias [Breugem et al., 2008] . Haarsma et al. [2011] show that interruption of the Agulhas leakage can impact the simulation of mean state and interannual variability in the Tropical Atlantic. In addition, the KCM is a low-resolution model and cannot resolve lateral eddy fluxes which have been shown to be important for mean state and variability in the Tropical Atlantic [Jochum et al., 2004 [Jochum et al., , 2005 . Recently, Wang et al. [2014] show that biases in special regions can be linked with other bias at far away locations so that it may not suffice to take only into account local effects for gaining an overall better model performance. Therefore, it is unlikely to achieve a realistic simulation of Tropical Atlantic variability in all regions by correcting only the momentum flux in the Equatorial Atlantic, even though the SST bias there is greatly reduced. observations. In MOD (Figure 4c ), the relative position of SST and surface zonal wind anomalies becomes clearer than in REF. We note that SST anomalies tend to occur in the east as in the observations, but surface zonal wind variability is still located in the middle of the basin. The best zonal structures of SST and surface zonal wind variability are seen in Mflux (Figure 4d ), in which SST anomalies in the east are often accompanied by surface zonal wind stress anomalies in the west, indicating that they are coupled in a similar way as in observations ( Figure 4a ; ). The major discrepancy to observations in Mflux and to a less extent MOD is that they simulate much too strong variability. In addition, the frequency of the variability seems higher in MOD and Mflux, but the mechanisms for this remain to be clarified.
Results
Following Muñoz et al. [2012] and Liu et al. [2013] , we perform REOF analysis of Tropical Atlantic monthly mean (using all months) SST anomalies from 20 S to 20 N to extract the ZMs ( Figure 5 ). Here, we use a narrower region than that (30 S to 30 N) used in Muñoz et al. [2012] and Liu et al. [2013] for analysis because we focus on variability at and near the equator. In observations, the first mode accounting for 26.4% of the variance corresponds to the ZM featuring maximum SST anomalies on the equator (Figure 5a ). The second and third modes describe northern Tropical Atlantic mode (NTA; not shown) and subtropical South Atlantic mode (SSA; not shown) explaining 23.5% and 13.4% of the variance, respectively. We will discuss only the ZM (REOF1) in the following, since it is the main focus of this study. The ZM is captured by the third mode in REF accounting for 14.2% of the variance (Figure 5b ), which is not surprising given that some CMIP5 models can also capture it [Muñoz et al., 2012; Liu et al., 2013; Richter et al., 2014a] . In REF, it is expected that the ZM is not the first mode and explains less variance than in observations given maximum SST variability is seen in the western to central Equatorial Atlantic (Figure 4b ) whereas the ZM describes SST variability in the eastern Equatorial Atlantic (Figure 5b ). In contrast to REF, both MOD and Mflux capture the ZM as the first modes with explained variances of 29.4% and 35%, respectively. The higher explained variance in Mflux compared with REF and MOD may be associated with the stronger Bjerknes feedback, as will be discussed next.
Bjerknes Feedback
The Bjerknes feedback loop consists of three elements: forcing of surface winds in the west by SST anomalies in the east, forcing of subsurface temperature anomalies in the east by winds to the west, and the forcing of SST anomalies in the east by subsurface temperature anomalies there. Previous studies have established the existence of the Bjerknes positive feedback loop in the Equatorial Atlantic [e.g., Zebiak, 1993; Ruiz-Barradas et al., 2000; . In this section, the three elements are investigated in the three KCM experiments and compared to those in observations. The first element of the Bjerknes feedback is assessed by regressing surface zonal wind stress anomalies onto SST anomalies averaged over the Atl3 region (20 W-0, 3 S-3 N) . In the observations, zonal wind anomalies are to the west of the eastern Equatorial Atlantic SST anomalies, and only weak easterly anomalies are seen in the east (Figure 6a ). The relation of zonal wind stress anomalies in the west to SST anomalies in the east is much weaker in REF (Figure 6b) than that in the ERA Interim reanalysis (Figure 6a ). There are also unrealistically strong easterly wind stress anomalies in the central to eastern Atlantic (Figure 6b ). These contribute to weaken the unrealistic westerly winds (Figure 2b ), reducing heat flux and turbulent mixing and thus warming the ocean (see below). The link is somewhat improved in MOD ( Figure 6c ) compared with that in REF ( Figure 6b ) and comparable to that obtained from data ( Figure 6a ). However, the area with westerly wind stress anomalies (Figure 6c ) corresponding to positive SST anomalies in the east is not confined to the west, but also extends northeastward to Africa and covers the Atl3 region. Therefore, the relative position of SST and surface zonal wind anomalies in MOD (Figure 4c ) is improved compared to REF (Figure 4b ), but is still less clear than in the observations (Figure 4a ). In Mflux (Figure 6d ), zonal wind stress in the west is related to SST variability in the east, but the relation is stronger than in the ERA Interim and other experiments: a 1 C change in SST corresponds to maximum wind stress anomalies of above 0:01 Nm 22 ; while in the ERA Interim and MOD, this value is about 0:00820:01 Nm 22 and 0:00620:008 Nm 22 , respectively. Furthermore, the local explained variance in Mflux is around 30-40%, which is higher than the 20-30% in observations, the 5-10% in REF, and the 20-30% in MOD. In summary, the three experiments exhibit rather different relationships between zonal wind stress and SST anomalies in the Equatorial Atlantic, consistent with a strong sensitivity of the interannual variability to the mean state, and all three simulations depict noticeable differences to the observed relationship. The Atlantic intertropical convergence zone (ITCZ) (Figure 1 ), where the northeast and southeast trade wind systems converge, is intimately coupled with SST in the eastern Equatorial Atlantic, and the meridional excursion of the ITCZ impacts surface zonal winds at the equator [e.g., Xie and Carton, 2004; Richter et al., 2014a] . We note that the response of zonal wind stress to SST variability in the east ( Figure 6 ) seems to be linked with the mean position of the Atlantic ITCZ (Figure 1 ). In the observations, the ITCZ covers the western Equatorial Atlantic and extends northeastward to Africa. Thus, zonal wind stress response to SST variability in the east is mainly located in the west (Figure 6a ). In REF, the mean rainfall is located to the east of the Atl3 region, but very weak to the west (Figure 1b) . Accordingly, zonal wind stress response is very weak in the west, and an unrealistic easterly anomalies is seen in the east (Figure 6b ). The mean position of the ITCZ is improved in MOD compared with REF. In MOD (Figure 1c) , the main rainfall belt is seen to the west of the Atl3 region, but still covers the central part of the Equatorial Atlantic between 40 W and 10 W; consistently, the zonal wind stress anomalies associated with Atl3 SST variability occur in the east (Figure 6c ). The mean position of the ITCZ in Mflux (Figure 1d ) is quite similar to that in the observations, and thus the pattern of zonal wind stress related to Atl3 SST is also similar to that in the observations, despite being too strong ( Figure 6 ).
The second element of the Bjerknes feedback is estimated by regressing Z20 anomalies onto surface zonal wind stress anomalies averaged over the western Equatorial Atlantic (Watl, 40 W-20 W, 3 S-3 N) (Figure 7 ; ). Here, observed sea surface height (SSH) variations are employed as a proxy of Z20 variations, whereas thermocline depth is used from the models. The 20 C isotherm (Z20) is situated in the middle of thermocline (Figure 3 ) and this makes it a measure of thermocline depth. In the equatorial oceans, SSH is closely related to Z20 [e.g., Cane, 1984] . In fact, SSH is highly correlated with Z20 (up to 0.9) in the Equatorial Atlantic and a change in SSH of 1 cm is equivalent to a change of approximately 3 m in Z20 [Bunge and Clarke, 2009] . Western Equatorial Atlantic zonal wind stress anomalies are associated with an increase (decrease) in SSH in the east (west), particularly at (off) the equator (Figure 7a ), indicating the effects of equatorial waves [Zebiak, 1993; Illig et al., 2004; Ding et al., 2009] . The regression patterns in the three KCM experiments (Figures 7b, 7c and 7d ) closely resemble each other and that of observations (Figure 7a ). This indicates that the second element of the Bjerknes feedback exists in the models. This result is expected, as the effect of model bias hardly affects equatorial shallow water dynamics, which is to In Figure 6a , observed reconstructed SST [Rayner et al., 2003] and ERA Interim [Dee et al., 2011] are plotted.
Journal of Geophysical Research: Oceans (Figure 3 ), which impacts equatorial wave dynamics, and the pattern of zonal wind stress. Understanding the sensitivity of the second element to ocean stratification is beyond the scope of the current study.
The last element of the Bjerknes feedback is estimated by regressing SST anomalies onto local Z20 anomalies ( Figure 8 ; ). In the eastern Equatorial Atlantic, SSH and SST variability are tightly coupled ( Figure 8a) ; SSH is again used as a proxy for Z20 [e.g., Cane, 1984] . Regression values show that a 10 cm rise in SSH corresponds to a warming of 1:2 C in SST with an explained variance of about 30%-40% (Figure 8a ). In terms of the relationship between SSH and Z20 in the Equatorial Atlantic [Bunge and Clarke, 2009] , this is equivalent to a warming of 0:4 C in SST in association with a deepening of 10 m in Z20. In contrast to the observations, subsurface and surface variability at the equator in REF is only weakly coupled in the east (Figure 8b ). This is consistent with the climatological mean surface winds being biased westerly to the east of 20 W that implies Ekman downwelling rather than upwelling according to equation (9.4.2) in Gill [1982] , as explained further in section 3.3. Therefore, mean downwelling cannot advect subsurface temperature anomalies upward to impact SST variability in the east. To some extent both MOD ( Figure  8c ) and Mflux (Figure 8d ), capture the observed relation between subsurface temperature and SST variability in the east. In MOD and Mflux, a 10 m increase in Z20 depth corresponds to a warming of SST about 0:320:4 C, and explained variances are in the range of 30-40%. Niño's are associated with the relaxation of the trade winds in the western Equatorial Atlantic; the relaxation excites equatorial Kelvin waves that propagate to the African coast and then down to the Benguela Niño upwelling region [e.g., Florenchie et al., 2004; L€ ubbecke et al., 2010] . Local physical process may also explain some Bengula Niño events [Richter et al., 2010] . In contrast to distinct performance at the equator, all the model experiments capture to some extent the subsurface and surface coupling in the southeast Atlantic. Detailed analysis of simulation of interannual variability along the African coast is beyond the scope of this study, which focuses on Equatorial Atlantic variability.
In summary, the three elements of the Bjerknes feedback exist to some degree in all the three experiments. In the REF, the first and third elements are much weaker than those in MOD and Mflux, consistent with less variance of the ZM in REF. In Mflux, the first element of the Bjerknes feedback is slightly stronger than observed, and much stronger than in MOD. In MOD and Mflux, the second and third elements of the Bjerknes feedback resembles each other. The stronger Bjerknes feedback in Mflux than in MOD is consistent with the ZM greater explained in Mflux.
Delayed Negative Feedback
A delayed negative feedback is necessary for an oscillatory behavior, as has been documented for the El Niño Southern Oscillation in the Equatorial Pacific [Zebiak and Cane, 1987; Jin, 1997] . In the Equatorial Atlantic, previous studies showed that the delayed negative feedback is also an important element of the interannual variability in intermediate coupled [Zebiak, 1993] , conceptual [Jansen et al., 2009] , and theoretical [Wang and Chang, 2008 ] models and observations [Ding et al., 2010] . For instance, Ding et al. [2010] document the build-up of heat content in the Equatorial Atlantic prior to the mature phase of the ZM from both observations and a forced ocean model integration (Figure 9a) , and show the net surface heat flux acts mainly to damp SST anomalies in the eastern Equatorial Atlantic (Figure 9b ; Huang [2006, 2007] ). In this section, we explore the roles of upper ocean heat content and net surface heat flux in the interannual variability of the Equatorial Atlantic in the three KCM experiments and also depict the links from observations and the ORA-S4 ocean reanalysis.
In REF, the cross correlation between equatorial heat content and eastern equatorial SST anomalies ( Figure  9a ) is always negative, indicating that there is no build-up of heat content prior to warm SST anomalies and Figure 8a , observed reconstructed SST [Rayner et al., 2003 ] is employed and sea surface height from satellite is used as a measure of subsurface variability. In Figures 8b-8d , thermocline depth is used as a measure of subsurface variability. vice versa. This is not surprising considering that the thermocline is only weakly coupled to local SST variability (Figure 8b ). To shed light on the mechanism for SST variability in the east in this experiment, the relationship between net surface heat flux and SST is further analyzed; their cross correlation ( Figure 9b ) displays a positive (negative) peak when the former leads (lags) the latter by 2 (two) months, indicating that net surface heat flux anomalies drive SST anomalies in REF.
The heat flux forcing is consistent with the weakening of the unrealistic westerly winds by easterly wind anomalies (Figures 2b and 6b ).
In MOD, there is clear link between heat content in the equatorial wave guide and eastern equatorial SST anomalies that can be inferred from the maximum positive correlation when heat content leads SST by 2 months (Figure 9a ). This phase relationship is in accord with the delayed action/recharge oscillator mechanism [Jin, 1997] . Principal oscillation pattern (POP) analysis of monthly Z20, SST, and wind stress reveals one dominant POP mode (not shown) that is consistent with results presented here, and further supports the delayed action/ recharge oscillator mechanism in MOD. The role of ocean dynamics in driving SST variability is further supported by the simultaneous anticorrelation between net surface heat flux and SST anomalies in the east (Figure 9b ). In Mflux, the phase relationship between equatorial upper ocean heat content and SST averaged over Atl3 region (Figure 9a ) is also consistent with the delayed action/recharge oscillator mechanism. But the link between the prior build-up of heat content and SST in Mflux is weaker than that in MOD. On the other hand, the delayed negative feedback is stronger in Mflux (r 5 20.5) than in MOD (r 5 20.4). Consistent with ocean dynamics driving SST variability, the net surface heat flux acts mainly to damp the cold eastern equatorial SST anomalies (Figure 9b ).
Seasonality of Equatorial Atlantic Variability
We now investigate the seasonality of Equatorial Atlantic variability in the simulations, beginning with SST, surface zonal wind, and Z20 biases at the equator (Figure 10 ). In REF (Figure 10) , a strong westerly wind bias appears during boreal spring (MAM) that extends almost across the entire Equatorial Atlantic. The westerly wind bias induces deeper thermocline than observed in the east. The positive Z20 bias peaks in May and June, with maximum positive bias of more than 25 m. The bias is so large in May and June that the seasonal cycle of Z20 in the east is almost opposite to that in the observations (Figures 11a and 11b) . C isotherm depths, a measure of subsurface variability, from ECMWF Ocean Reanalysis System 4 (ORAS4; Balmaseda et al. [2013] ) and AVISO denotes satellite measurement of SSH (http://www.aviso.oceanobs.com/). In Figure 9b , OBS denotes cross correlation between net surface heat flux [Kalnay et al., 1996] and observed reconstructed SST [Rayner et al., 2003] .
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While the biases in MOD are somewhat reduced compared with REF, they exhibit similar seasonal evolution: there is a maximum westerly wind bias from April to June in the west, a maximum positive Z20 bias in May and June in the east, and the largest SST bias from June to August in the east (Figures 10c and 10d) . The seasonal cycle of Z20 is still almost opposite to that in observations (Figures 11a and 11c) . In particular, thermocline shoaling in the east occurs in August-September in MOD, but in June-July in the observations. The lag of about 2 months (compared with observations) in the thermocline shoaling in the east may cause some phase lag in the Bjerknes feedback and thus SST variability between MOD and observations, as discussed below.
In Mflux, the seasonal cycle of both zonal and meridional wind stress from the NCEP reanalysis (see Figure  2b for zonal wind stress) is employed via momentum flux correction. The deeper Z20 bias in the east seen in May and June in both REF and MOD is largely reduced (Figures 10e and 10f) , because of the more realistic surface zonal wind stress. Correspondingly, the warm SST bias from June to August seen in both REF and MOD is also largely reduced in the east. In general, Mflux displays the best phase of the seasonal cycle of Z20 of all the simulations, with shallower thermocline from June to September in the east (Figures 11a and  11d) . Nevertheless, the simulated seasonal cycle of Z20 is stronger than observed and some moderate SST errors remain. Monthly stratified standard deviations of SST at the equator shows there are also marked differences in the seasonality of SST variability among the simulations and observations (Figure 12 ). In observations, the maximum SST variability is in the east from June to July (Figure 12a ), as has been reported by many previous studies [e.g., Xie and Carton, 2004; Richter et al., 2014a] . The observations show a second peak in SST variability in November and December that has been referred to as the second Atlantic Niño [Okumura and Xie, 2006] . In REF, SST variability peaks around May, but the maximum is found in the central Atlantic to the west of the observed maximum ( Figures 12a and 12b) ; as was noted from the Hovmoeller diagrams of equatorial SST anomalies (Figures 4a and 4b) . In MOD and Mflux, SST variability is located mainly in the eastern part of the Equatorial Atlantic (see also Figures 4c and 4d) , and is more consistent with observations than REF. However, MOD simulates maximum SST variability from July to September, about 2 months later than that in the observations and Mflux. This may be associated with the delayed seasonal cycle of Z20 (Figure 11c ). Mflux has the best simulation in terms of phase, capturing the maximum SST variability in June and July. A notable deficiency of MOD and Mflux is that they simulate stronger SST variability than observed: the maximum SST variability in MOD is 0:821 C and in Mflux is 1:221:5 C, while the observed is 0:620:7 C.
We further investigate if seasonal variations of the Bjerknes feedback is able to explain the seasonality of observed and simulated variability . Figure 13 shows monthly stratified correlations of SST anomalies averaged over the eastern Equatorial Atlantic (Atl3 region) with zonal wind stress and monthly stratified pointwise correlations between SST and SSH/Z20 anomalies along the equator. The observations (Figure 13a ) depict that zonal wind stress and SST anomalies are most strongly related during late spring and early summer (April-June), and the link between the subsurface and surface is strongest from May to July. The seasonality of these two components of the Bjerknes feedback explains the phase locking of ZM to boreal summer . The two components of the Bjerknes feedback strengthen in November and December (Figure 13a ), which has been shown to be associated with the second Atlantic Niño [Okumura and Xie, 2006] .
In REF (Figure 13b) , zonal wind stress and SST anomalies are also related, but the correlations are weaker than observed. The strongest relation is in May, it weakens in summer, but strengthens again from October to December. There is an apparent subsurface temperature signal between 40 W and 10 W around May when the thermocline is shallower (Figure 11b ) and related to local SST variations (Figure 8b ). Eastern Atlantic SST variations are also related to subsurface temperature to the east of 10 W from November to the next February when the thermocline is again closer to the surface. The seasonality of these two components of the Bjerknes feedback components is consistent with the enhanced SST variability at the equator in May, December, and January ( Figure 12b ). It is not consistent with the enhanced SST variability later in the summer.
In MOD (Figure 13c ), the strongest link between zonal wind stress and SST anomalies is seen from June to December. The relation between eastern Equatorial Atlantic SST and subsurface temperature is strongest from July to September in the east (Figure 13c ) when the thermocline is shallower (Figure 11c ). The link between subsurface and surface variability is also seen from December to the next March (Figure 13c ) when the thermocline is relatively shallow (Figure 11c ). The seasonality of these Bjerknes feedback components is consistent with the seasonality of SST variability at the equator (Figure 12c ). In particular, both the maximum SST variability ( Figure 12c ) and shallowest thermocline (Figure 11c ) occur during July-September, about 2 months later than that in the observations (Figures 12a and 11a ).
In Mflux (Figure 13d ), zonal wind stress and SST anomalies are strongly related from April to July. In addition, the link between subsurface and surface is strongest from May to July in the east (Figure 13c ) a period during which the climatological thermocline becomes shallower (Figure 11d ). The relation between these two components of the Bjerknes feedback is more consistent with those in observations compared with REF and MOD ( Figure 13 ). The more realistic seasonality of the Bjerknes feedback components is in agreement with the better seasonality of SST variability in Mflux than that in REF ( Figure 12b ) and MOD ( Figure  12c ). Although the spatial pattern of SST variability in Mflux (Figures 4d and 12d ) resembles that in MOD (Figures 4c and 12c) , the seasonality in Mflux (Figure 12d ) is improved compared to MOD (Figure 12c ). The improvement is likely because the seasonal variations of the Bjerknes feedback in Mflux (Figure 13d ) is more consistent with that in observations than in MOD (Figure 13c ). This in turn seems tied to primarily to the seasonal cycle of subsurface variability and the development of the cold tongue.
Summary and Discussion
This work was motivated by two questions: Can simulation of interannual variability be improved in a CGCM if the bias is reduced? What is the influence of the warm bias on the mechanism of Atlantic Niño? To Figure 13a , satellite-observed SSH (http://www.aviso.oceanobs.com/) and the ERA Interim reanalysis [Dee et al., 2011] are plotted. (Figure 2a ), whereas in a modified physics run, termed MOD, and especially in a run that employed zonal and meridional momentum flux correction, termed Mflux, the warm bias is greatly reduced (Figure 2a ).
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All three experiments simulate zonal mode (ZM) like variability with an SST pattern similar to that in observations, but with different explained variances ( Figure 5 ). In REF, the ZM explains 14.2% of Tropical Atlantic SST variance, and this is only half of that in observations (26.4%). The explained variance of ZM increases to 29.4% in MOD, and to almost 35% in Mflux. The higher variance of the ZM is associated with the more realistic mechanisms for Equatorial Atlantic variability in MOD and Mflux.
Analysis of the three components of the Bjerknes feedback shows that they are all more realistic in MOD and Mflux than in REF, and that the differences can be related to the different mean states. First, an erroneous relation with easterly wind anomalies over the warm eastern Atlantic SST is simulated in REF. This appears related to the erroneous climatological precipitation and westerly winds overly an eastern Atlantic warm pool. In this configuration, an anomalous increase in precipitation leads to anomalous easterlies in the east, and thus to reduced surface heat flux cooling and upper ocean entrainment, and in turn warming of SST. In MOD and Mflux, climatological precipitation patterns are close to observed, and thus the relation between wind stress and eastern Atlantic SST resembles observations, with westerly wind anomalies to the west of warm SST anomalies. Second, in REF, there is a weak link between subsurface temperature and SST variability in the west. While in observations, MOD, and Mflux, the link is found in the east (Figure 8 ). In addition, the delayed negative feedback in MOD and Mflux operates in a manner consistent with observations. But in REF, the delayed negative feedback is not found. Rather, net surface heat flux leads and thus drives SST variability in the east. These differences appear related with the unrealistic climatological westerlies in REF that drive downwelling in the east, and the climatological easterlies in observations and the other models that drive upwelling (Figure 2) . Furthermore, the missing of the delayed negative feedback could be the main reason that seasonal prediction is not skillful in the eastern Equatorial Atlantic in coupled models [Stockdale et al., 2006] , which have large warm biases there. However, analysis of forecast experiments is needed to confirm this.
The seasonality of the ZM-like variations was shown to differ among the three simulations, and these differences could also be related to the impact of mean state errors on the representation of ocean-atmosphere interaction. In particular, in REF SST variability at the equator peaks in May in the central Atlantic. The observed peak in SST anomalies further to the east and in June-August appears inhibited in REF by the erroneous seasonal cycle of thermocline depth and zonal winds: In observations in the east, the equatorial easterly zonal winds and upwelling are at their climatological strongest, and the thermocline shoals; while in REF the thermocline is at its climatological deepest, and the equatorial zonal winds in the east are westerly, driving downwelling. The seasonality of Equatorial Atlantic variability is not improved in MOD with respect to REF despite a more realistic ZM and the improved representation of the Bjerknes feedback and the delayed negative feedback. This is probably because there is still a strong bias in the simulation of the seasonal cycle in MOD. For instance, the westerly bias seen in the REF in April-May is only slightly reduced in MOD. As a result, the seasonal cycle of thermocline depth in MOD is still like that in REF, and nearly opposite to that in observations. This basically inhibits the development of an Equatorial Atlantic cold tongue. The bias in the seasonal cycle changes the seasonality of the Bjerknes feedback, so that in REF SST variability peaks around May, while in MOD it peaks from July to September. In Mflux, the seasonal cycle of thermocline depth is closer to observations, as expected. As a result, the seasonality of the Bjerknes feedback is also more consistent with observations so that Mflux simulates maximum SST variability in June and July as observed. However, the feedback appears too strong and simulated variability is larger than observed; the model also misses the second Atlantic Niño.
In MOD and Mflux, the warm bias is greatly reduced with respect to REF (Figure 2a ; Wahl et al. [2009] ), but is achieved through different approaches: parameter tuning and momentum flux correction, respectively. The positive Bjerknes feedback and delayed negative feedback in these two experiments operate in a manner consistent with observations. As these feedbacks are linked to the mean state, it is plausible to assume that the more realistic simulation of Equatorial Atlantic interannual variability in MOD and Mflux is primarily achieved through the improved mean state. Furthermore, in Mflux, where momentum flux correction is used, the changes in the feedbacks relative to those in REF can only result from changes in the mean state. In MOD, they may result from both the changes in the mean state and the changes in the physical parameterization, where the latter has a direct influence on the dynamics of the coupled system. The two model configurations show (1) that the simulation of interannual variability remains deficient when the mean state is artificially corrected (Mflux); and (2) that moderate reductions of model mean error (MOD) will lead to substantial improvements in the simulation of interannual variability, although simulating its seasonality remains a challenge. Mflux is still deficient in many aspects. This is not surprising given that apart from wind stress, many other factors, which cannot be accounted for by momentum flux correction, contribute to SST bias in the Tropical Atlantic [e.g., Huang et al., 2007; Hu et al., 2008; Large and Danabasoglu, 2006; Hazeleger and Haarsma, 2005; Haarsma et al., 2011; Jochum et al., 2004 Jochum et al., , 2005 Breugem et al., 2008] . Further improvement through e.g., enhanced horizontal [e.g., Jochum et al., 2004 Jochum et al., , 2005 and vertical resolution [e.g., Breugem et al., 2008] , or the inclusion of remote effects [e.g., Haarsma et al., 2011; Wang et al., 2014] is required. These aspects should be investigated in future studies.
In this study, we have focused on the positive Bjerknes and delayed negative feedback. However, these two mechanisms explain much less variance in the Equatorial Atlantic than in the Equatorial Pacific Ding et al., 2010] . Some other dynamics may also contribute to Equatorial Atlantic interannual variability. In particular, complex remote forcing from ENSO [e.g., Chang et al., 2006] might contribute to mask the heat content signal remotely forced by the Equatorial Pacific through changes in the Walker Circulation. Other possible mechanisms include the western Pacific oscillator [Weisberg and Wang, 1997] , the advectivereflective oscillator [Picaut et al., 1997; Wang, 2001] , destabilized basin modes [Jin and Neelin, 1993; , or a link between Equatorial and subtropical Atlantic [Richter et al., 2012] , including with variations over the South Atlantic [L€ ubbecke et al., 2010; Nnamchi et al., 2011] . Ocean dynamics may also be less important (H. Nnamchi, personal communication) . Moreover, the meridional mode [e.g., Xie and Carton, 2004] , which contributes to decadal variability in the Tropical Atlantic, may also affect interannual variability. The investigation of these possible mechanisms is beyond the scope of this study.
In summary, the results of this study suggest that a better simulation of interannual variability in the Equatorial Atlantic can be achieved through improving the mean state in coupled ocean-atmosphere general circulation models. This, however, is not trivial, because the climate system in the equatorial sector is strongly coupled, giving rise to a high sensitivity to errors in individual model components so that biases in different component models and regions could be linked with each other [Wang et al., 2014] . With respect to seasonal forecasting, momentum flux correction could be an option, as long as the coupled models suffer from large biases. Nevertheless, as shown here momentum flux correction cannot fully correct oceanatmosphere feedbacks.
